Introduction
Gordon E. Moore stated that the number of transistors on an integrated circuit doubles every two years.
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As simple as it may sound, this statement is the foundation of the semiconductor industry and its driving force for making smaller and faster transistors. The question that arises is an obvious one, how long can this scaling continue? So far, SiO 2 (dielectric constant (κ) = 3.9) 2 has been the choice for the gate dielectric in transistors, but as Moore's Law extends, the thickness of the SiO 2 layer would have to be continually reduced. Eventually, it would become just a few atomic layers thick (∼ 1 nm). When the thickness of SiO 2 dielectric in transistors reaches this fundamental limit, electrical current would pass through it causing power losses and unwanted heat. Therefore, a new generation of higher dielectric constant materials is needed for the replacement of SiO 2 as gate dielectric layers. The leakage current can then be reduced by increasing the thickness of gate dielectric layer. Currently, our research group at the University of Illinois at Chicago (UIC) is developing new high κ dielectric materials which can be used in complimentary metal oxide semiconductor (CMOS) transistors and dynamic random access memory (DRAM) capacitors. There are many high κ materials that have dielectric constant higher than SiO 2 but not many are compatible with the Si substrate that is used in the semiconductor devices. Important concerns include interface quality, film morphology, and reliability. 1 We have previously determined the optimal conditions in which to produce a high κ dielectric films of HfO 2 and TiO 2 (Table I) .
Hafnia has a κ value of 25 2 and titania has a reported κ value above 30. Hafnia by itself is chemically stable with silicon but its κ value is moderate. Moreover, it crystallizes at annealing temperatures higher than 600
• C. Doping it with titanium could possibly increase the overall dielectric constant value. Crystalline films crack upon annealing and it is thought that current leakage occurs at these boundaries.
3 Combining these two high κ materials could possibly increase the overall κ value to above 25 and yet maintain the beneficial amorphous structure. This would, therefore, allow for thicker gate dielectric layer in the transistor, and further minimize the tunneling effect and lower the leakage current. However, there are other related concerns such as how the combination
The schematics of the ALD system and the modification that was done to add precursor C (TDEAA).
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of TiO 2 and HfO 2 would affect the conductivity of the film and the nature of the resulting interfacial structure at the high κ /Si interface. Studies have shown that the addition of an Al 2 O 3 buffer layer between HfO 2 and the silicon substrate could prevent the formation of silicates and silicides during annealing. 4 The goal of this study is to grow a buffer layer of Al 2 O 3 on silicon substrate before depositing nano-laminated composite structure of Hf x Ti 1−x O 2 . The conditions to deposit the hafnia and titania films individually using the two precursors TDEAH and TDEAT, respectively have been established and a common ALD growth window has been observed that could be utilized for growing the composite Hf x Ti 1−x O 2 films. In order to grow the Al 2 O 3 buffer layer in-situ, the existing ALD system needed to be modified to accommodate the third precursor (TDEAA). After the modification, the process parameters for ALD of Al 2 O 3 using TDEAA need to be optimized. The final step would be to investigate the nano-laminated Hf x Ti 1−x O 2 films deposited on the Al 2 O 3 buffer layer by varying the ALD cycle ratio of HfO 2 (using TDEAH) and TiO 2 (using TDEAT).
In the first step of this study, the ALD reactor was reconfigured with the addition of the new TDEAA precursor as shown in Figure 1 . Al 2 O 3 was then deposited on Si(100) substrates by atomic layer deposition. In this process, the reactants are introduced in the reaction chamber in an alternating sequence involving pulses where each reactant pulse is separated by a purge step to remove excess reactant and reaction by-products. For depositing Al 2 O 3 by ALD in our study, water vapor was used as the oxidizer (second reactant). This process is "self limiting".
6 This is slightly different from chemical vapor deposition (CVD) in terms of the precise control of grown film thickness-during each repeated cycle only one saturated atomic layer will be formed. The procedure follows four basic steps: First, exposure of the substrate to the first precursor; the second step is a nitrogen gas purge to clear out the left over precursor, followed by the introduction of an oxidizer to produce the desired compound on the surface of the substrate; finally a nitrogen gas purge will clear out the system of any leftover gaseous reaction material. 7 The growth rate of Al 2 O 3 was measured as a function of reactor temperature, precursor dosage (plugs), and number of deposition cycles.
One of the critical parameters for ALD is the ALD temperature window as shown in Figure 2 . The deposition process carried out in this temperature window results in the self limiting reaction which is the characteristic of ALD. 7 The advantages of ALD include submonolayer thickness control, excellent uniformity and excellent step coverage. One of the limitations is that the deposition rates are relatively slower compared to other deposition methods. 7 
Experimental Methods
The existing ALD system was modified to accommodate the third precursor TDEAA (referred to as C) in Figure 1 . 5 After the new valves and elbows were attached, care had to be taken to rewrap the valves and legs of the precursors with heat tape and insulating fabric to control heat loss in the delivery lines. Thermocouples were also attached to the new precursor and leg to provide feedback to the temperature controllers regulating the heating. After this was completed the optimization of ALD conditions for Al 2 O 3 growth using TDEAA was carried out.
The ALD of TDEAA was performed in a hot wall tubular reactor using water as the oxidizer (Figure 1) . As shown in Figure 1 , the manifold has two separate lines for moisture and precursor leading to the reactor. The details of the reactor setup are reported elsewhere.
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Prior to deposition, 2 cm × 2 cm silicon squares were cut, thoroughly rinsed with deionized water, and dried with N 2 before loading to the ALD chamber. Adding a new precursor bubbler calls for re-tuning of the ALD setup since the addition of a new branch will break the formerly established optimization conditions; a series of parameters need to be found out before reaching the real ALD reaction conditions. The parameters include, precursor temperature, ALD temperature window, and the number of precursor pulses needed to saturate silicon surface. Immediately after deposition, the film thicknesses were measured using a spectral ellipsometer (J. A. Woollam Co., Inc., model M-44).
Results and Discussion Figure 3 shows the results from the initial steps that were taken to identify the optimal precursor (TDEAA) temperature so as to provide sufficient vapor for ALD 
reaction. A reactor temperature of 200
• C was used and 50 ALD cycles with 5 precursor plugs were used since originally these were the conditions used for depositing films from the other precursor, TDEAH. The vapor pressure of TDEAA is 0.2 Torr at 100
• C as seen in Figure  4 8 and the operating pressure range of our reactor is 0.2-1.5 Torr. From this information, it was decided to use a precursor (TDEAA) temperature of 85
• C as the starting point and increase it in increments of 5
• C until film growth was observed. An increase in film thickness from 0 to 60Å was observed as the precursor temperature was increased from 85
• C to 105
• C. From these results, it was decided to keep the bubbler temperature at 100 • C for the remainder of the study since this temperature appeared to be enough to generate sufficient precursor vapor. Figure 5 shows the next steps taken to identify the optimal ALD conditions for ALD of Al 2 O 3 from TDEAA. In these sets of experiments, the objective was to observe the self limiting reaction that is the characteristic of any ALD process. The temperature of the precursor was set at 100
• C based on the results from the earlier optimization step. The reactor temperature was set at 225
• C. The number of deposition cycles was 50. As the number of plugs of precursor pulse increased from 3 to 7, a linear increase in film growth rate was observed. For a number of plugs greater than 7, the growth rate stopped increasing and this indicates that a self limiting ALD reaction has been attained for 7 plugs of precursor pulse. Thus, seven plugs are found to be optimal for ALD of Al 2 O 3 using TDEAA. Figure 6 shows the results from the steps that were taken to identify the ALD temperature window for growth of Al 2 O 3 using TDEAA. The reactor temperature was varied while the optimal parameters found in the previous steps were used for the ALD process. The growth rate is between 1.5 and 2.0Å/cycle at a reactor temperature of 150
• C which could be the result of condensation of the precursor. The growth rates become • C to 275
• C. For reactor temperature higher than 275 • C, the growth rate increases dramatically probably due to the decomposition of the precursor. Figure 7 shows the film thickness versus the number of ALD cycles for the films deposited at the optimal ALD parameters. It can be observed that with the increase in the number of deposition cycles from 25 to 125 a linear increase in the film thicknesses occurs. The average growth rate as calculated from the slope is 1Å/cycle. This is indicative of monolayer growth control.
Conclusions
The existing ALD system was reconfigured to add a third precursor (TDEAA). The optimal conditions for atomic layer deposition of Al 2 O 3 were obtained. The optimal precursor (TDEAA) temperature was found to be 100
• C. The minimum number of plugs for a self limiting reaction was found to be 7. The ALD temperature window was found to be between 200
• C and 275
• C. At these optimal parameters, a film growth of 1Å/cycle was obtained for ALD of Al 2 O 3 films.
